Abstract: This research study attempts to create an optimized parametric window by employing Taguchi algorithm for Plasma Arc Welding (PAW) of 2 mm thick 2205 duplex stainless steel. The parameters considered for experimentation and optimization are the welding current, welding speed and pilot arc length respectively. The experimentation involves the parameters variation and subsequently recording the depth of penetration and bead width. Welding current of 60-70 A, welding speed of 250-300 mm/min and pilot arc length of 1-2 mm are the range between which the parameters are varied. Design of experiments is used for the experimental trials. Back propagation neural network, Genetic algorithm and Taguchi techniques are used for predicting the bead width, depth of penetration and validated with experimentally achieved results which were in good agreement. Additionally, micro-structural characterizations are carried out to examine the weld quality. The extrapolation of these optimized parametric values yield enhanced weld strength with cost and time reduction.
Introduction
Duplex steels are advanced constructional materials employed for components exposed to extreme or aggressive physical conditions. Typically, duplex stainless steel exhibits microstructures in dual phase comprising of ferrite and austenite grains. The strength increases to almost two times as compared to stainless steels made of austenitic or ferritic grades of steel. The interactions existing among the alloying elements, particularly chromium, molybdenum, nitrogen, and nickel, are intricate. In order to achieve a stable duplex structure that responds well to processing and fabrication, it is imperative to determine and obtain the correct proportion of each of these elements. Generally, they reveal higher ductility and impact strength with a working temperature of approximately 250°C. Nickel and chromium being the major ingredients of duplex stainless steel combine to exhibit a superior resistance to crevice corrosion, chloride stress and pitting. These improved features depicted by duplex stainless steel promote their application in pressure vessels, heat exchangers, water heaters and cargo tanks in chemical tankers. Duplex steels are found to be suitable for most of the forming operations. Nevertheless, their higher mechanical strength and low toughness poses challenges in operations viz., deep drawing, stretch forming and spinning are more demanding to perform than with Austenitic steel. Duplex grades may cause a considerably high spring back due to their high strength. However, these materials show greater weld-ability due to the presence of nitrogen. This again involves complex interactions during which the strain produced from welding can work harden the material particularly in multi pass welding. Consequently, a full solution anneal is advantageous, specifically if low service temperatures are forecasted. Besides, formation of austenite by a solid-phase transformation during subsequent annealing occurs. Henceforth, an annealed product contains extra austenite than the as-welded material. Amount of austenite may differ based on the service application and the thermal history. The key lacuna of Duplex alloys is in the formation of brittle intermetallic phases, such as Sigma, Chi and Alpha Prime. These phases are rapidly formed, typically in 100 seconds at 900°C. Nevertheless, it is evident that shorter exposures also lead to drop in toughness. This observation is attributed to the formation of sigma on a microscopic scale. In addition, prolonged heating in the range of 300-350°C leads to temperature embrittlement due to alpha precipitation. Hence, its application is generally confined to 290°C. The formation of sigma poses greater challenges for welding engineers. Literatures reporting significant breakthroughs in welding of duplex steels are briefly presented in this section. Several joining techniques are available for stainless steel, nevertheless, fusion welding, tops the priority list. The choice of the joining technique relies on the accessibility and pragmatic scenarios feasible for the explicit applications. GTA and GMA are widely deployed for the purpose while PAW has started gaining prominence in recent times. PAW is where the coalescence takes place by heating with a constricted arc between an electrode (transferred arc) and the workpiece or the electrode and the constricting nozzle (non-transferred arc). The prime selection of the process is to increase the level of energy of the plasma arc in a controlled manner. This can be achieved by providing a specialized gas nozzle around an electrode (Tungsten) and operated with a direct current electrode negative power source. During the PAW of duplex stainless steel, two major problems are raised, i. e. the evolution of microstructure during cooling: the achievement of an unbalanced austenite-to-ferrite ratio and the respective precipitation, in the Fusion Zone (FZ) and Heat Affected Zone (HAZ), of secondary phases which deteriorates the corrosion resistance and the toughness. The FZ and HAZ microstructures at times illustrate a significant shift as compared to the base material as a function of both chemical composition and thermal history [1, 2] .
The weld region involves ferritic solidification creating an epitaxial growth from the parent metal to the boundary of the fusion and the thermal gradient governs the orientation of the growth of dendrites [3, 4] . Moreover, there is insufficient austenite and equilibrium austenite formation due the high cooling rate occurring through the two phases in the weld region. The rate of austenite formation is inversely proportional to the rate of cooling. Generally, weld metals of duplex stainless steels have ferrite contents in the range of about 30-70 % depending on composition and cooling rates. Subsequently, in welding consumables austenitic composition is higher than the parent material leading to an improved mechanical and corrosion properties. Furthermore, phase balance occurs involving the diffusion controlled transformation δ→ δ + γ causing the partitioning of elements between the two phases. As the cooling rate increases, substitution elements (Cr, Ni, Mo etc.) are almost equal in both phases [5] whereas the interstitial elements (N) controlling the reaction are heavily concentrated to the austenite. Therefore, the partitioning of elements in the as-welded condition is always much different than the partitioning in the solutioned conditions [6] . Yurtisik et al. (2013) proposed a novel hybrid technique for duplex steels that collectively deployed the deep penetration characteristics of plasma arc welding in keyhole mode and metal deposition capability of gas metal arc welding. They achieved desired cooling time and good improved weld metal chemistry that aids in reconstructive transformation of austenite in the ferrite phase [7] . Pramanik et al. (2015) analyzed the welding mechanism, phase changes, and governing process parameters for welding techniques for duplex steels for various fusion welding processes. They emphasized that DSS melts during welding for all the processes with varying thermal cycle and maximum heat input. The differential component results in alterations of structural and functional properties of the weld prominently [8] . Shane Fatima et al. (2015) optimized the process parameters of plasma arc welding of SS 304 L and Low carbon steel and observed several contradicting behaviors leading to forecasting with lesser precisions [9] . Schedin et al. (2011) established that duplex grades illustrate lower strength retention in comparison to austenitic grades at higher temperatures [10] . When exposed to extreme or alarming temperatures identical to fire explosions, their absolute strength was in line with austenitic grades.
Literature reports in most cases have eluded the research exhibitions on process parametric effects on the depth of penetration and bead width for plasma arc welding of 2205 DSS expressed with a well-developed analysis tool. The corresponding proportionalities concerning the phase changes expressed by microscopic images are not adequately expressed. Hence, through this research, an attempt is made to address and bridge the research scope prompted through the literature reports. In the present study, experimental investigations are carried out on 2205 DSS of 2 mm thickness by varying the welding current, speed and pilot arc length sequentially based on design of experiments in each trial. Depth of penetration, bead width and the basic metallographic analysis are carried out with the available instrumentation facilities. ANOVA tool is being used to forecast the interdependent parametric relations and ratios and finally employing BPNN and GA algorithms to optimize and create a parametric window. Additionally, the optimized process parameters are utilized for experimentation and establishing the validity.
Materials and methods
Investigations are carried out on plasma arc welding system after preliminary experimentation to understand the influencing parameters associated with the process. The experimental procedure involves a series of bead on plate welding trials to develop and evaluate the knowledge base for PAW of thin duplex stainless steel sheets.
Material for experimentation
The material considered for this study is 2205 duplex stainless steel plate of 2 mm thickness with dimensions of 150 × 100 mm. This material is being chosen as it finds greater suitability for structural applications in nuclear and power sector plants due to its high resistance to corrosion and creep. Moreover, the weldability feature for this material has been investigated and reported in small scale for plasma arc advanced welding processes. This dimension of the material is preferred in order to suit the holders of the experimental setup deployed for this study. Before bead-on-trials, plates are cleaned with fresh stainless steel wire brush, followed by acetone swabbing to remove the impurities, dirt and sticky/ oily particles impinged on the plates. Bead-on-plate samples (2 mm) are wire cut by electrical discharge machining. The chemical composition of DSS is shown in Table 1 .
Experimental welding procedure
The bead-on-plate experimental trials are carried out by deploying plasma arc joining technique with pure argon gas at a flow rate of 5 l/min used as the shield gas. The objective is to identify the implications of welding current, welding speed and the pilot arc length on the bead width and depth of penetration in the weldment. This task is approached through a series of experimental trials conducted on the DSS plates by varying the three process parameters in accordance with design of experiments (DoE). Prior to that, few trials are carried out based on trial and error to identify the range of each parameter between which the optimization is to be carried out in order to improve the performance and weld efficiency. The parameters are varied in the range viz., welding current (60-70A), Welding speed (250-300 m/min) and pilot arc (1-2 mm), respectively for the subsequent trials (refer Table 2 ).
Design of experiments using Taguchi method
Design of experiments based trials are carried out by usage of Taguchi L27 orthogonal array (refer Table 3 ). Plasma arc welding is carried out by varying the input process parameters namely the welding current, welding speed and pilot arc length respectively set with three levels indicated in Table 2 and the welded samples are presented in Figure 1 . The welded samples are sectioned to measure the weld bead geometry and some of the weld macrographs are depicted in Figure 2 . Based on the results, a sequential approach as presented in Figure 3 is adopted in this study to perform the parametric optimization. Table 3 : Taguchi L27 orthogonal array experimental layout.
Experimental trials
Factor Heat input for each of the weld may be estimated from eq. (1).
where Q is the heat input, I -Current (A), V represents voltage (V) and S is the welding speed (mm/min). In the orthogonal array, three factors (current, welding speed, pilot arc) with three levels are selected as shown in Table 2 . By using the S/N ratio (signal-to-noise) which is having three categories such as the higher the better (HB), lower the better (LB) and the nominal the better (NB), the optimum value of parameters for attaining optimum weld conditions is determined using Taguchi method. The optimization criterion is selected in the performance statistics method. The characteristic value is identified by aspect ratio (ASR). Higher the better criterion is given by the S/N ratio eq. (2). S=N = − 10log 1=n
The strategy for conducting the bead-on plate welding trials and the subsequent ANOVA analysis are to study the effect of process parameters on the depth and width of the welding seam. The heat input for each of those trials is estimated using eq. (1) and are collectively recorded in Table 4 . Welding current shows insignificant influence on the weld bead width. Increase in welding speed between 250 and 300 mm/min decreases the bead width indicating inverse proportionality. It is inferred from the tabulated results that maximum influence is being impacted by pilot arc length. The depth of penetration depends on welding current and welding speed but bead width depend on pilot arc. The maximum heat input obtained from the parameters considered in this study is 0.39144 kJ/mm and the minimum heat input is 0.2424 kJ/mm. Applying the maximum value of the parameter facilitates in achieving a maximum depth of penetration of 2.1976 mm and a bead width of 5.834 mm while maintain minimal process parametric values lead to minimum depth of penetration 0.621 mm and bead width 0.7132 mm is obtained. The depth of penetration is recorded against the welding current, welding speed and arc length for each of the experimental trials conducted based on design of experiments. In Taguchi design, S/N is defined as the signal-to noise ratio (S/N unit: dB) n is the number of repetition for an experimental combination and Y i is a performance value of the i th experiment. The total mean S/N ratio for aspect ratio is ηm = (total S/N ratio)/(number of experimental runs) = 2.21593 dB. By employing depth of penetration and bead width S/N ratio is calculated [S/N] Predicted = 17.73554. The mean S/N ratio for each level of the parameters is calculated and summarized in Table 5 . In order to calculate the aspect ratio the average performance of the factor A at level 1 (denoted as A 1 ), the results for 27 trials including factor A 1 added and then divided by the number of such trials: To examine the reliability of the methodology, confirmation F and P test has been performed as per the equation given below Figure 4 shows the effect of input process parameters on depth of penetration (estimated value) at different parameters like current, welding speed and plasma arc length in PAW of duplex stainless steel sheet. From the figure, it can be noticed that: Table 5 : S/N response table.
(c) Figure 4 : Effect of welding current, welding speed and pilot arc length on the depth of penetration (Estimated).
-Welding current effect: Depth of penetration increases with the increase in welding current (most influential parameter) at constant plasma arc length and welding speed. -Welding speed effect: Penetration depth is affected more by welding speed than any variable other than welding current. Depth of penetration decreases with the increase in welding speed at constant plasma arc length and welding current. High welding speed leads to minimum HAZ and finer grains in the weld. -Plasma arc length effect: There is a decrease in depth of penetration and further increase in value when the plasma arc length is operated between 1 mm and 2 mm, at constant welding speed and current.
For formulating the ANOVA table optimal and effective method is used from the calculated F and P test. The contribution of F test and P test show that the welding current and welding speed is forerunner in contributing to the depth of penetration by S/N ratio calculating method. Further, analysis of variance is done by using DOE software and the result of contribution of each factor by degrees of freedom and F distribution and P distribution factors are listed in Table 6 .
The ANOVA analysis clearly indicates that the pilot arc length had major impact on the depth of penetration and bead width while welding current and welding speed had a considerably lesser impact (refer Table 6 ). This study, however, establishes the direct proportionality prevailing among the process parameters and the bead width and depth of penetration.
Back propagation error method
Back propagation algorithm is a globally popular tool for optimization and parametric analysis [11, 12] and hence it has been extrapolated for welding applications in the present study as well. MATLAB software is used as the platform for executing the BPNN error method. Artificial neural networks being a powerful technique used for nonlinear regression and classification. For the Bead-onplate plasma arc welding process, the process parameters viz., welding current, welding speed and pilot arc length are incorporated to map the complex and highly interactive process to predict, estimate and evaluate the depth of penetration. A multilayer feed-forward network BP network based on error-back-propagation supervised learning algorithm is developed capable of revealing nonlinear interpolation. The BP network comprises of the input and output layers. A number of neurons which is obtainable in every layer are attached by the corresponding correlation weight. The BPNN model adopted for this study is shown in Figure 5 .
Initially, the notation which refers to weights in the network is established. W jk denotes the weight for the connection from the k th neuron in the layer to the j th neuron in the h th layer. Tables 8 and 9 , error value is calculated for depth of penetration and bead width as shown as 2 %, 4 % and 6 % and the maximum average error is around 15 %. The errors in testing experiments may be attributed to experimental error like angle of the plasma torch, process fluctuation and setting of sheet metal in the fixture. It is noted from the table that some abnormal errors like 45.74 % and 25.31 % come out. These abnormal errors owing to flow rate of plasma gas, measurement of weld bead profile and welding environment, have some adverse effect on the testing experiments. Figure 6 (a)-(d) reveals the best fitness value for each output parameter predicted by using BPNN model. It is clear from the figures that the best testing performance is made for the present problems, i. e. PAW of duplex stainless steel due to its high degree of repeatability and also utilized for interfacing with Genetic Algorithm for optimization.
Genetic algorithm methodology
A set of computer-based programming and procedures are implemented for executing genetic algorithms for process parameter optimization with respect to concept involved in mechanics of natural selection and genetics [13, 14] . The algorithm functions act over a set of individuals, typically represented by binary string involving 1's and 0's. The program facilitates the algorithm to generate on the search space vectors randomly with each element presenting individual solutions. The genetic algorithm considers all the possible solution sets in the pipeline parallel while determination process is under execution. This processing in the parallel pattern eludes the convergence of one particular local extreme point. The other prominent feature of these algorithms the fitness value of each string; where fitness function need not be differentiable and continuous. The PAW welding optimization procedure using genetic algorithm is shown in Figure 3 . In this figure, initial population means the possible solutions of the optimization problem, and each possible solution is called an individual. In this study, a suitable solution is generated by values of the welding current, welding speed, and pilot arc length expressed as binary numbers. Conversely, it is imperative to convert it to real numbers when subjected to optimization problem as the experiment sets the welding conditions with real values, instead of binary codes. The generated codes and the solutions obtained are presented in the following section.
Parameter of genetic algorithm
The parameter used for GA Population size = 120 The optimization process is continuously checked throughout the generations. The mean fitness and best fitness from generation to generation is monitored and recorded in the form of fitness plot as depicted in Figure 7 . From the GA plot, it can be clearly visualized that the fitness value is converging toward the optimal between one generation and the next. Figure 8 shows the vector entries of individuals with the best fitness function value. From the bar chart, it is inferred that the best fitness value is obtained for both welding current and speed. Table 10 shows the optimal results of BPNN-GA optimization of plasma arc weld bead geometry, i. e. depth of penetration and bead width and corresponding input process parameters. The quality of a weld joint is strongly influenced by bead geometry size includes bead width and depth of penetration. Actually, the predicted optimal values for depth of penetration and bead width of weld bead geometry are difficult to separately guide plasma arc welding process since bead geometry and the resulting mechanical property are jointly affected by depth of penetration and bead width. Hence, the generated results are used to study the effect of bead geometry on weld quality and even make it possible to be utilized in the actual plasma arc welding process.
Confirmation test
Finally, the confirmation experiments are conducted as shown in Table 11 to demonstrate the application of BPNN-GA model for optimizing the plasma arc welding process by selecting depth of penetration and bead width as the objectives. Based on the tabulated results, it is inferred that the errors of 2.9 % and −1.6 % are noticed between experiment result and predicted value by BPNN-GA model for depth of penetration and bead width, respectively. Hence, the proposed model is observed to be more reliable and effective in the prediction of defect free weld bead geometry of plasma arc welding of duplex stainless steel.
Microscopic analysis
Micro-structural analysis is a key factor while appraising the efficiency, quality and bonding characteristics of a weldment. Microscopic images and the corresponding EDAX results reveal several vital information pertaining to the intermetallic, heat affected zone, grain size, diffusion pattern, cracks, orientations of crack growth etc. However, prior to welding, Vickers micro-hardness measurement mechanism is deployed for recording the hardness values. Micro-hardness was measured at the base metal and the well-defined weld zone. The samples prepared as per AWS 8.0 standards are subjected to 500 g load to understand the extent of resistance against abrasion and scratch. The base metal displayed hardness 
values in the range of 210-220 HV. Nevertheless, the weld zone and the narrow heat affected zone showed an increase in hardness up to 280-330 HV. The improvement in hardness is attributed to the uniform and optimized heat fed during welding and there is an increase of hardness to about 20 percentages. This is a prominent enhancement while ensuring that the brittleness has been maintained within the secure limits. Figure 9 (a) shows that the microstructure at the base metal consists of elongated austenite grains in Ferrite matrix which approximately amounts to 52 % of the fraction. The grains at the weld metal is coarse (columnar grains), and the austenite grains are restructured and grown as Widmanstätten plates (refer Figure 9(b) ). The weld metal presents volume fraction of ferrite, measured by Feritscope which recorded 55 % (45 % austenite). The HAZ nearer to the fusion boundary is very thin and presents lower amount of austenite as compared to the weld zone (refer Figure 9(c) ). The ferrite content in this zone increases significantly as noticed in the weld zone with approximately 58 % and the results agree well with Aguiar et al. [15] . Further, it is observed that the HAZ fully transforms to ferrite during the process and then the austenite grains are reformed upon cooling to room temperature. The ferrite content is measured in three different zones, i. e. weld zone, heat affected zone and base metal using Feritscope is listed in Table 12 .
This is followed by metallographic analysis involving the weld sample scanning using SEM. The images obtained from SEM and the corresponding EDAX (refer Figure 10 ) have shown uniform and gradual transformations. The pieces joined using PAW method is sectioned in transverse direction of the weld for microstructural characterization. Various grades of SiC papers are used for polishing using colloidal solutions. Good quality, deep penetration welds are successfully produced in the duplex stainless steel by plasma arc welding (PAW) with keyholes in penetration depths. The pure base material consisted of the ferrite matrix with austenite spray over's [16] . The weld center illustrated formation of columnar and equiaxed grains at the weld metal structure of PA weldments. Weld center of the fusion zone shoed greater equiaxed structures indicating higher solidification rate which has gradually decreased in the HAZ. The alterations in microstructure may be attributed to the phase transformations occurring due to solidification and subsequent solid state transformations. Maximum thermal gradient and well defined heat flow has led to deeper penetration. The prominent observation apart from the weld integrity is the notable reduction in the volume fraction of the austenite. Contrarily, there is grain grown observed in the HAZ and the fusion line. There are few elemental precipitations as may be observed from the EDAX (refer Figure 10 ) which an increase in welding heat. The positive facet in these images is the indications of absence of embrittlement causing factors assuring the correctives of the post annealing mechanism. Since, the volume fraction of ferrite has increase drastically, the specimens are susceptible to hydrogen cracking (Images of this study are free from cracks). The SEM image revelations for various zones have been provided in Figures 11 and 12 . The images illustrate a configured transformation of allotriomorphic austenite. There is an insignificant deformation in the shape which may govern hydro-static stress. The orientation among the Widmanstätten and allotropic austenite respectively has a disparity in orientations. The precipitations of Mn and Cr rich elements are seen from the different metal matrix in chemical contents as detected from EDX results (refer Figure 10) . These precipitations are in small scale, though they are undefined by the crystallographic and metallurgical methods. Pre-existing voids, fine precipitations and inclusions are existent with no new impurities or intermetallic formation. This metallic precipitation was deficient at weld metal in the duplex-austenite weldment. Nevertheless, the sigma phases may be of submicron size in order to restrict growth of the micron-sized grains in hot deformation of the duplex stainless steels. This may be attributed to iron content (48.76 wt% - Table 13 ) at the duplex and austenite parent metals and their HAZs. 
Conclusions
The objectives of this study are to examine the parametric influences on the bead width and the depth of penetration on plasma arc welded 2205 duplex stainless steel. Experimental investigations and design matrix using ANOVA are followed by predictions and parametric optimization using BPNN. Further, an effective approach of optimizing plasma arc welding process parameters by integrating BPNN and GA algorithm (BPNN-GA model) is made and verified by experiment. Significant observations are listed below: 1. The average heat input used on bead on plate with minimum of 0.2424 kJ/min and maximum heat input is 0.39144 kJ/mmm. 2. S/N ratio method in Taguchi algorithm revealed that welding speed, pilot arc have a significant impact of depth of penetration while welding current attributes largely to the bead width. The optimized values for maximum bead width and depth of penetration for the process parameters are 1.7606, 1.6679, and 1.3544 respectively. 3. BPNN method is used in depth of penetration and bead width and the error was calculated. BPNN appears to yield an error percentage of 2, 3 and 6 respectively indicating its high degree of reliability. 4. In confirmation test, the errors of 2.9 % and −1.6 % are noticed between confirmation experiment result and predicted value by BPNN-GA model for depth of penetration and bead width, respectively. 5. Microstructural analysis confirmed an increase in ferrite volume fraction after welding grain boundary austenite while allotriomorphic, Widmanstätten austenite, secondary austenite had the difference forms of austenite. 6. The generated results are used to study the effect of bead geometry on weld quality and even make it possible to be utilized in the actual plasma arc welding process.
